An in-line holographic system for in situ detection of atmospheric cloud particles ͓Holographic Detector for Clouds ͑HOLODEC͔͒ has been developed and flown on the National Center for Atmospheric Research C-130 research aircraft. Clear holograms are obtained in daylight conditions at typical aircraft speeds of 100 m s
Introduction
In models describing radiative transfer through clouds, remote sensing of cloud properties, and precipitation formation it is usually assumed that the cloud particles are distributed with perfect randomness on small ͑submeter͒ scales 1 ; that is, their statistics are characterized by the Poisson distribution on all scales: The number of particles N͑V͒ in a test volume V is a random variable and distributed according to
where N ϭ N͑V͒ is the mean number of particles in V. However, it has been observed that cloud particles are spatially correlated on submeter scales. 1, 2 The scale dependence of the spatial correlation can be quantified as a function of scale by the pair correlation function:
where r is the scale of interest. Although there has been some laboratory and ground-based work on three-dimensional spatial correlations, [3] [4] [5] nearly all in situ measurements of these correlations are still restricted to one-or two-dimensional projections of particle positions ͑e.g., particles detected along the length of a long, narrow tube swept out by an aircraft instrument or images of particles illuminated by a thin sheet of light͒. These measurements yield a one-or two-dimensional pair correlation function with particle positions in the unmeasured dimensions simply projected. With some assumptions it is possible to generalize a one-or two-dimensional pair correlation function to a three-dimensional ͑3D͒ function. However, this generalization has restrictions at the smallest scales, which are of the greatest interest. 6 To estimate directly the 3D pair correlation function at small scales, we need the three spatial coordinates of all particles in the sampled volume. Holography is a robust way to obtain these 3D particle positions. Although the most advanced holographic systems use an off-axis configuration ͑which has low-noise advantages and higher depth precision͒ and silverhalide holographic film with resolutions of the order of 0.1 m, these systems also require film processing and laborious optical reconstruction or highresolution film scanning and numerical reconstruction. 7 Digital holographic systems require no film processing and allow numerical reconstruction that is much more flexible than optical reconstruction. Because digital camera pixel widths are around 5 m, they do not have the spatial resolution required for off-axis holography, which in practice limits digital holography to an in-line configuration. 8 ͑Note that hybrid optical arrangements that have some of the advantages of off-axis holography can be implemented digitally. 7 ͒ In-line ͑Gabor͒ holography also has the advantage of a simple optical setup, which is advantageous in adverse environments such as ours, e.g., an airborne platform flying through an atmospheric cloud.
In this paper we describe an airborne digital in-line holographic detector, called the Holographic Detector for Clouds ͑HOLODEC͒, and demonstrate its ability to make in situ measurements of the 3D coordinates of cloud particles. Furthermore we show the ability to detect ice crystals and reconstruct their shapes. First we ͑Section 2͒ give an overview of in-line holography and describe how it allows us to measure the 3D coordinates of cloud particles. Then we give an overview of the electro-optical, data-acquisition, temperature control system and the mechanical design of the instrument in Section 3. Finally in Section 4 we discuss the calibration and baseline optical detection limits of the instrument and show examples of holograms and digitally reconstructed images from recent flight tests.
In-line Holography
Some of the earliest development of in-line holography came as a result of its application to measurement of atmospheric particles. 9 Since then in-line holography has been applied to various problems of atmospheric 3, 4, 10, 11 and broader scientific and engineering interest. [12] [13] [14] [15] The scientific literature covering in-line holography and its applications is far too large to review here, but it suffices to say that the technique is well developed and broadly applied and remains an area of active research. Our application is to measure atmospheric cloud particles from an airborne platform. Of primary interest is the spatial distribution of liquid cloud droplets, but the technique is also attractive for measuring the shapes and concentrations of ice crystals and the concentrations of large, rare drizzle drops.
Simply stated, an in-line hologram is an interference pattern resulting from the superposition of an incident plane wave E R ͑the reference wave͒ and light scattered by the dilute suspension of illuminated particles E S . Thus the electric field at the measurement plane is E H ϭ E R ϩ E S . In practice we measure the intensity or the modulus squared of the superimposed waves yielding
The first term on the second line is the constant background, which can be filtered out before the numeric reconstruction. 14 The second and third terms are the real and virtual images, respectively. The last term is negligible for small cloud particles ͑Ͻ100 m͒ because their scattered waves are much smaller in amplitude than the incident wave.
We are interested in reconstructing either the real or the virtual image of the droplets in the hologram. It turns out that in the Fraunhofer regime we can reconstruct the real image of a cloud particle, and the virtual image is present but weak. The Fraunhofer regime of 100-m particles and our wavelength of 0.527 m is d 2 ͞ ϭ 19 mm. Since the camera is 35 mm from the sample volume, we are well within this regime and thus can neglect the virtual image. After the background term is filtered out, the dominant noise is caused by the defocused virtual image. This noise imposes a limit on the number density of particles and the depth of the sample volume. 12 However, the number densities of cloud particles with d Ͼ 10 m rarely exceed a few hundred droplets per cubic centimeter ͑Ͻ1 droplet mm Ϫ3 ͒. 16 This number density, combined with a sample volume depth of 4.5 cm, yields an area density of the order of 10 3 droplets cm
Ϫ2
, which is a factor of 10 less than the typical area densities in other applications of particle-field digital holography. 7 This number density is also sufficiently small and the scattered waves sufficiently weak that multiple scattering is negligible.
A. Approximate Far-Field Model
To provide physical insight and guide the instrument design, we desire an analytical model for the hologram resulting from a single water droplet. The holograms in our experiment display the interference of a reference beam and a wave scattered by a transparent, spherical water droplet of the order of 10 -100 m in diameter. This suggests a complete solution using Mie theory to describe the electric field due to scattering from a sphere and its interference with the incident plane wave. However, note that the particle size and scattering geometry allow for several useful approximations. Because size parameters are large ͑d͞ Ͼ 60͒ and we observe only forwardscattered light ͑scattering angle, Ͻ3°͒, to a good approximation we may neglect the complexities of Mie theory and treat the scattered wave as a diffraction from an opaque disk with the same diameter as the water droplet. 17, 18 Because we record the hologram in the far field ͑ z Ͼ Ͼ d 2 ͞ ϳ 2-20 mm͒, we may treat the scattered wave with the Fraunhofer approximation. 19 These approximations are invaluable in providing convenient analytical results to guide our understanding of the essential physics underlying the technique and our design of the instrument. The eventual digital reconstruction of the holograms is carried out by using a less restrictive model ͑see Section 4͒ because actual conditions do not always satisfy the far-field constraint ͑for example, ice particles larger than 100 m͒.
To develop the analytical model, we consider an object at z ϭ 0, where the z coordinate is taken to be the optical axis. The coordinates in the object plane, perpendicular to the optical axis, are ͑, ͒ and coordinates in the ͑far-field͒ diffraction plane, also perpendicular to the optical axis, are ͑ x, y͒. Beginning with the Huygens-Fresnel principle and making appropriate simplifications, including neglecting quadratic terms of the order of ͑ 2 ϩ 2 ͒͞z, we obtain the Fraunhofer approximation. Taking the aperture function to be a disk of diameter d centered on the optical axis, we can obtain an analytical expression for the total electric field E H for the far-field limit, z
, Q͑r͒ ϭ 2J 1 ͑rd͞z͒͑͞rd͞z͒, and ⌽͑r͒ ϭ r 2 ͞z are defined, the measured intensity I H ͑r͒ ϭ E H ͑r͒ E H *͑r͒ has the form 12, 20 
The first term is the background intensity, and C 2 Q 2 is the negligible scattered intensity ͑diffraction͒ term.
In the Fraunhofer limit therefore the hologram obtained from a population of cloud droplets may be approximated as the superposition of the fields leading to Eq. ͑4͒, one for each particle, with r and d adjusted appropriately for droplet position and size, respectively. In practice the cloud of particles is sufficiently dilute that the interference of waves from various particles can be neglected.
B. Implications of Far-Field Model
Equation ͑4͒ demonstrates several properties that make in-line holography ideal for studies of the spatial distribution of atmospheric particles. First, the interference term ⌽͑r͒ depends only on the position of the particle along the optical axis, not on its diameter d. Hence the spatial frequencies in this term alone contain sufficient information to provide the particle's position along the optical axis. ͓The position in the ͑x, y͒ plane is easily determined.͔ Also, the spatial frequency increases radially as r͞z so that the desired depth of field of the instrument places a constraint on the spatial resolution of the detector. Note also that the increasing spatial frequency with r suggests that the finite pixel size limits the maximum sharpness attainable in reconstructed images. Both of these conclusions can be obtained by considering in-line holography for a point particle, but the disk aperture model makes it clear that the interference fringe pattern described by the sin͓⌽͑r͔͒ term contains information on particle position, while the modulation of this pattern by the term 2CQ͑r͒ depends on both z and d, as expected from common experience with diffraction by a circular aperture.
Assuming that there is a minimum fringe visibility that can be reconstructed or detected, the Fraunhofer model also illustrates how detection limits vary with particle size and position along the optical axis. Fringe visibility is ᐂ ϭ ͑I max Ϫ I min ͒͑͞I max ϩ I min ͒, where we consider the various maxima and minima in I H ͑r͒. Because of the far-field condition, C Ͻ Ͻ 1, we may neglect the diffraction term C 2 Q 2 relative to the interference term. Therefore
The maximum visibility will be that of the first fringe and therefore may be estimated by taking the small r limit of J 1 : ᐂ͑r 3 0͒ Ϸ d 2 ͞8z. Thus the visibility is maximized for small z and large d, with the constraint that the Fraunhofer condition must still be satisfied. We may expect, at least approximately, that the minimum detectable particle size will increase with position along the optical axis. In practice the fringe visibility of detectable particles can be remarkably low because the interference patterns are coherent, whereas noise sources such as shot and speckle noise are spatially uncorrelated in the hologram.
Instrument Overview and Electro-optical Design
The instrument consists of three main systems: ͑1͒ an electro-optical system, ͑2͒ a temperature-control system, and ͑3͒ a data-transmission and storage system. In addition to these three the mechanical design is a major aspect of any airborne instrument; it is briefly discussed here, but details of air-flow distortion and particle sampling are treated in more detail elsewhere. The electro-optical system consisted of a laser and camera optimized for the optical measurement but still meeting requirements for compactness, power, and stability. The temperaturecontrol system consisted of thermocouples and actively controlled heaters. The data-transmission system consisted of a Firewire ͑IEEE 1394͒ to optical fiber to Firewire conversion and associated computer hardware and software for data storage.
Operating conditions for the instrument are severe and place significant constraints on the system design. The airborne holographic instrument has to fit inside a tube 61 cm long, 15 cm in diameter attached to the wing of the NCAR C-130 research aircraft, as shown in Fig. 1͑a͒ . It must be powered by less than 10 A of 120 VAC switched from the cabin and less than 500 W of 28 VDC ͑anti-ice heater power͒ switched on when the aircraft is in flight. It has to operate in a temperature range spanning from Ϫ30°C at 7900-m altitude to 40°C on the runway, air speeds of approximately 100 m s
Ϫ1
, ambient relative humidities of more than 100%, and pressures down to 0.4 atm ͑4 ϫ 10 4 Pa͒. The only communication link between the instrument and the in-cabin controls are 12 twisted pair wires and four fiber-optic lines. Finally the instrument is subject to severe vibration because of its proximity to turboprop engines. Inside the cabin the instrument controls are in a more forgiving environment ͑close to room temperature, pressure, and humidity͒ but still experience significant vibration from the engines and the often turbulent flight conditions.
A. Electro-optical System
In-line holography does not require great laser intensities or coherence lengths. The HOLODEC instrument uses a Q-switched, frequency-doubled, pulsed Nd:YLF laser ͑CrystaLaser͒ that meets the optical requirements as well as the critical specifications of no active thermal dissipation ͑no fans or water cooling͒ and compactness. The laser operates in the TEM 00 mode with a wavelength of 527 nm, a pulse width of 20 ns, and a pulse energy of 30 J. The pulse width is sufficiently short that a particle moving through the sample volume at 100 m s Ϫ1 blurs only by ϳ0.2 m during the pulse. The laser pulse energy is large enough that the background sunlight is negligible within the exposure time of the camera. One sensitivity of the laser is that the operating temperature of the laser head must be between 10°C and 30°C for stability. This is accomplished by powering down the laser while it is too hot ͑such as on the runway preparing for takeoff ͒ and heating its aluminum mounting plate while in flight. The heaters are specially positioned and actively controlled in two channels to create a nearly isothermal environment for the laser head.
The detector is a progressive-scan, 1024 ϫ 768, 4.65-m-square pixel, 10-bit ͑although we solely used the 8-bit mode͒, monochrome, Firewire CCD camera ͑Dragonfly, Point Grey Research͒. It has a maximum frame rate of 15 Hz and a minimum exposure time of approximately 200 s, which is sufficiently short to keep the background daylight negligible relative to the laser light. Cameras with a higher frame rate, higher resolution, and shorter exposure time were considered, but the unique feature of this camera is its ability to separate the CCD from the camera board by as much as 30 cm ͑extended head͒. Thereby the CCD detector is positioned in an arm of the probe, eliminating the need for relay optics to
A significant design challenge was to allow the entire optical system ͑laser, lenses, mirrors, etc.͒ to be adjustable, yet remain secure during flight and the associated vibrations. As a result the optical design, which is shown schematically in Fig. 1͑b͒ , is necessarily straightforward and minimizes the number of optical elements and the need for precise alignment and adjustment. Between the laser and camera the beam is expanded in a Galilean telescope designed to minimize spherical aberration. The expanded beam is large enough to cover the diagonal of the CCD with an approximately flat profile. After the steering mirror the beam passes through a sapphire window, which has a high thermal conductivity ͑relative to BK7 glass͒ to aid in elimination of condensation. The beam then passes through three filters, all of which are nonreflective to minimize unwanted interference fringes. The first is a bandpass ͑colored glass͒ filter that cuts out much of the background light at unwanted wavelengths and serves as a window. The second is an absorptive neutral-density filter of sufficient optical density so as to bring the laser intensity near the saturation level of the CCD. The third is a polarizer that allows fine tuning of the laser intensity to keep it below the saturation level of the CCD. The polarizer has the added advantage of eliminating roughly half of the unpolarized background light.
B. Data System
Digitized holograms are transmitted from the camera to the data-acquisition computer in the cabin of the aircraft via optical fibers installed in the wing. We used two Firewire-to-optical-fiber converters ͑Opti-cLink 1394͒, one in the instrument on the wing and one in the cabin, to transmit from the Firewire interface of the camera to the Firewire interface on the computer, via the optical fiber. The optical fiber carried both the images transmitted to the computer and control commands to the camera. The maximum data rate of the camera ͑running in an 8-bit mode͒ is less than 12 Mbytes s
Ϫ1
. This allowed us to stream the data to USB 2.0 external hard drives ͑Seagate Barracuda 120 Gbyte͒ in vibration-damped enclosures.
The data-acquisition computer was a laptop ͑1.6-GHz Pentium M processor, 1-Gbyte RAM͒. We used custom Cϩϩ routines for streaming the holograms with time stamps to disk in an uncompressed format in large contiguous files. The time stamps were synchronized with the other aircraft instruments via an onboard Network Time Protocol server. After a flight the data files are converted into individual compressed images ͑PNG 8-bit gray scale, lossless compression͒. 
C. Temperature-Control System
We used an active temperature-control system to keep condensation off the windows, to keep ice off the probe for aircraft safety, and to keep the laser head at a stable operating temperature. Laboratory temperature testing in a cold box ͑with no wind and below 100% humidity͒ confirmed that the unheated instrument components ͑relays, power supplies, etc.͒ would perform adequately well below ͑down to Ϫ40°C͒ their published temperature specifications. The temperature-control system consists of four heater channels, two for the laser head, one for the camera-side arm, and one for the laser-side arm. The heater channels are switched by relays in the instrument that are remotely controlled by the incabin computer via an RS-485 connection over one of the twisted wire pairs. Temperature sensors were read by a second RS-485 connection. The heater power was varied by pulsing the heaters at 1 Hz with a variable duty cycle determined by programmable PID ͑proportional, integral, and differential͒ feedback control software ͑LabVIEW 7.0͒. Finally the control software also allows individual components ͑laser, camera, and temperature sensors͒ to be separately powered up or down by relay.
Inflight testing confirmed that the laser head temperature is easily maintained. The instrument arms required all the available heater power to remain ice and condensation free. In future designs, heaters will be placed closer to the windows to more efficiently eliminate condensation.
D. Mechanical Design
As noted above the system had to fit into a cylindrical canister mounted to a wing pod on the C-130 research aircraft. The optical detection part of the instrument was allowed to extend from the front of the instrument canister, and the shape of these two arms influenced the flow of air around the instrument and therefore the flow of particles through the detection volume during flight. This is a long-standing problem in cloud physics instrumentation 21 and is not treated in detail here. Instead we provide back-ofthe-envelope estimates that guide the mechanical design of the instrument.
First, at air speeds of v ϭ 100 m s Ϫ1 the flow around the nose of the instrument ͑where no flow separation has occurred͒ consists of a viscous boundary layer near the instrument surfaces and the remaining region, which can be considered inviscid and thereby obeying the Euler equations of motion for a continuous fluid ͑air͒. 22 The thickness ␦ of the viscous boundary layer can be estimated by considering the diffusion of fluid momentum during the time available for boundary layer growth: ␦ ϳ ͑͒
1͞2
, where is the kinematic viscosity. That time is related to distance s along the instrument according to ϭ s͞v such that ␦ ϳ ͑s͞v͒ 1͞2 . Thus the boundary layer thickness for the length between the instrument arm tips to the observation windows is of the order of ␦ ϳ 100 m. This is sufficiently small that it can be ignored, and we then deal solely with the problem of estimating flow distortion in the measurement volume due to pressure gradients ͑inviscid flow͒. Theory suggests that flow speeds along the direction of flight are within 10% of the background flow velocity at distances of roughly 2.5 radii upstream of a halfsphere, which the front of our instrument can be approximated to be. 22 Furthermore wind tunnel measurements show that the velocity component along the axis of an instrument with nearly identical geometry ͑an FSSP-100͒ indeed is within the expected 10% value at the location of the optical measurement volume. 23 These rough arguments give some justification for the geometry of the instrument and provide confidence in our ability to measure droplet spatial distributions that are not strongly distorted from their ambient form. 24 During the flights we obtained ϳ225 min or 160 Gbytes of recorded holograms. The data demonstrate the ability to detect cloud droplet sizes and 3D positions and, although not our main purpose, to image ice crystals in clouds. We used numerical reconstruction to find the approximate size and position of these particles.
A. Reconstruction Method
Real images of the particles are obtained by numerical reconstruction of the digital holograms. There are a wide range of possible approaches to the reconstruction problem, each with limitations and advantages. Our purpose in this section is to establish the utility of this new instrument in detecting cloud droplets and ice crystals and in determining particle size, shape, and location. Thus we have chosen a straightforward reconstruction method that is not necessarily optimal for a given automated particlefinding algorithm. This is appropriate, considering that optimal reconstruction methods and hologram filtering might differ for various particle shapes, sizes, and experimental conditions. Particle size and location are estimated by using relative intensity in reconstructed images stepped along the optical axis.
The reconstruction approach that we use incorporates the kernel from Rayleigh-Sommerfeld diffraction theory in the spatial-frequency domain. In the frequency domain we can write the propagated field in terms of the diffraction kernel and the measured intensity as
where U͑ x , y ; z ϭ z 0 ͒ is the Fourier transform of the field at distance z 0 from the CCD surface, U͑ x , y ; z ϭ 0͒ is the Fourier transform of the field at the CCD camera, and
where k ϭ 2͞. 25 The hologram processing algorithm takes the following steps:
͑1͒ Take the negative of the hologram such that the droplets and ice crystals appear bright ͑as opposed to shadows͒.
͑2͒ Take the two-dimensional fast Fourier transform of the hologram.
͑3͒ Multiply by H͑ x , y ; z 0 ͒. ͑4͒ Take the inverse fast Fourier transform. ͑5͒ Take the modulus squared to get the intensity of the image.
͑6͒ Rescale the image intensities to emphasize the cloud droplets and ice crystals.
Note that only steps ͑3͒-͑6͒ need to be repeated for each reconstruction distance z 0 from a given hologram.
B. Calibration
Laboratory tests confirmed that we are able to reconstruct in planes perpendicular to the optical axis with reasonable accuracy both in terms of position and particle size. Figure 2 shows reconstructed images of droplets of known size. The droplets were generated with a piezoelectric droplet injector with a set of calibrated glass tips for different radii. Note that the reconstructed diameter is accurate to within 1 pixel ͑4.65 m͒ of the known diameter. An additional check on the depth accuracy was made by reconstructing dust on the various optical surfaces ͑e.g., lenses, filters, mirror͒. We found that we could reconstruct dust particles of characteristic width of ϳ20 m to within 1 mm at 80 mm from the CCD surface. As is inherent in in-line holographic systems, the depth precision ͑the position along the optical axis͒ has uncertainty that scales with droplet size. We are able to determine the relative positions of 10 -20-m droplets to within ϳ20 diameters; the position in the two dimensions perpendicular to the optical axis is known to within 1 pixel. We anticipate that the depth uncertainty can be reduced through more refined numerical techniques ͑e.g., complex reconstruction 14 ͒.
C. Cloud Droplets and Ice Crystals
During the field testing of the instrument we sampled clouds that, although below the freezing point of water, consisted predominantly of supercooled liquid droplets. Subsequent reconstruction of holograms from these clouds confirms that we are able to image the droplets, thereby estimating their 3D position within the sample volume and their size. Figure 3 shows cloud droplets from a small section of a hologram obtained in a cloud in which other instruments ͑e.g., the FSSP-100͒ indicated the largest droplet sizes were in the range of 10 -20 m in diameter. Each frame of Fig. 3 shows reconstructions at advancing distances along the optical axis, illustrating how droplets come into and go out of focus.
In addition to the liquid cloud particles we obtained holograms of ice crystals. Figure 4 shows reconstructions of relatively small ice crystals, and Fig. 5 shows several reconstructions of larger ice crystals. Small ice crystals, although nonspherical, appear to have nearly circular interference fringes and therefore before reconstruction can be mistaken as large, drizzle drops. The interference patterns resulting from large ice crystals are clearly not circular. The reconstructions of large ice crystals are less clear than those for smaller particles, most likely resulting from the non-negligible virtual image ͑because large particles in the instrument sample volume do not meet the Fraunhofer condition͒ and the fact that the reference wave is severely occluded by the presence of large particles.
Summary and Future Work
Most treatments of cloud processes, such as particle collision rates and radiative transfer in clouds, are implicitly based on the assumption that particles are distributed in a perfectly random manner at small scales. Theory and computational work, however, suggest that cloud particles are spatially correlated on small scales if a cloud is sufficiently turbulent.
Recent atmospheric measurements tend to confirm this picture, but the experiments are challenging and fraught with instrumental artifacts and therefore not yet satisfactory. We have tackled this problem directly by building an instrument capable of measuring the 3D spatial distribution of cloud particles. The instrument, called the Holographic Detector for Clouds ͑HOLO-DEC͒, digitally records optical holograms of a small volume of cloud. The light source is a Q-switched Nd:YLF laser with pulse energy of 30 J and pulse width of 20 ns. This allows clear holograms to be obtained in daylight conditions on an aircraft moving at speeds of approximately 100 m s
Ϫ1
. The detector is a 10-bit extended-head CCD camera interfaced with a control and data-acquisition system via optical fiber. An actively controlled anti-ice and condensation system is used to allow imaging at temperatures to as low as Ϫ30°C and in supersaturated water vapor. HOLODEC took its first flight into clouds aboard the NCAR C-130 aircraft in late 2003. Subsequently the holograms have been reconstructed numerically, resulting in real images of the sampled particles. We therefore obtain all three spatial coordinates and the shape and size of particles in the measurement volume. Initial data analysis confirms that HOLODEC can detect cloud droplets with diameters of 10 m and above and that we are able to reconstruct more complex shapes such as ice crystals.
A primary goal of HOLODEC is to quantify the spatial distribution of cloud droplets through direct measurement of the pair correlation function . This requires that we sample a sufficient number of cloud droplets; so we briefly consider the question of how many holograms are required for typical cloud conditions. Kostinski and Shaw 2 made a first estimate of the pair correlation function in clouds, using one-dimensional droplet positions measured in a statistically homogeneous cloud. They found empirically that statistical estimates of converged when droplet numbers of the order of 10 5 were sampled. The HOLODEC measurement geometry allows us to estimate the pair correlation function at scales of ϳ1 cm and below. What truly matters for calculation of is not merely the number of droplets but rather the number of interdroplet distances of Յ1-cm length.
We therefore consider how many interparticle distances of Յ1 cm are measured in equal volumes sampled by the one-dimensional measurement 2 and by the holographic instrument described here. HOLO-DEC has a measurement volume of the order of 1 cm 3 , so a conservative estimate is that N ϭ 150 droplets are sampled. This corresponds to N͑N Ϫ 1͒͞2 Ϸ 10 4 interdroplet positions of Յ1 cm. In the onedimensional geometry 2 the instrument has a measurement cross section of approximately 1 mm 2 , so a 1-m length of cloud must be sampled to obtain a 1-cm 3 volume with 150 droplets; in this case, however, the number of interdroplet positions of Յ1 cm is approximately 10 2 , a factor of 10 2 smaller than in the 3D measurement. This is a powerful advantage of holography over lower-dimensional measurements. It follows directly that the number of droplets that must be sampled by HOLODEC for one to estimate is of the order of 10 3 , which can be achieved by recording approximately 10 holograms. Even with the constraint of statistical homogeneity this is a realistically attainable number.
In the future we will develop automated routines for droplet detection. With sufficient data the droplet pair correlation function can be estimated over scales from approximately 100 m to 1 cm, thereby quantifying particle spatial correlations in clouds. We also anticipate making improvements to HOLO-DEC, specifically in the aerodynamic design, the heater control system, and the optical system. Perhaps most important, both the quality of individual holograms and the ability to measure greater numbers of droplets in a hologram can be improved by increasing the size of the CCD detector.
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